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Electrically conductive polymer-based nanocomposites have displayed excellent performances when 
applied as strain sensors for bodily monitoring. Among the most common form of these systems is the 
mixed-phased nanocomposite. Through a simple model that combines electromechanical and 
percolation theory it is reported here that in comparative systems, 2-dimensional nanofillers exhibit a 
larger electromechanical response than their 1-dimensional counterparts. For both nanofiller types, 
electromechanical response was found to increase greatly with aspect ratio and when shifting from an 
isotropic to anisotropic system. Furthermore, nanocomposites with bulk dimensions intrinsically 
outperform thinner systems theorised to be based on ink printing production methods. 
 





Polymer-based mixed-phase nanocomposites are one of the most highly researched aspects of materials 
science to date.1 Most commonly, these composite materials are formed through simple solution 
processing, whereby a dispersion of nanomaterial such carbon nanotubes (CNTs) or graphene are mixed 
with a polymer solution. This mixture can then be cast into a molding or filtered to form a 
nanocomposite film with nanofillers mixed into the polymer matrix (See Figure 1). At very low loading 
levels of nanofiller, polymers are reported to display large increases in mechanical properties.2 At a 
critical loading level, polymers transition from electrically insulting to conductive behaviour in 
accordance with percolation theory3  
 




Where  = 0 is the zero-strain nanocomposite conductivity, f is the apparent conductivity of the 
nanofiller, f is the volume fraction of nanofiller, o is the percolation threshold volume fraction and t 
is the percolation exponent. Elastomer-based conductive nanocomposites using a range of nanofillers 
are reported to have reversible, strain sensitive electrical properties and have successfully been 
demonstration by researchers as strain sensing materials that can applied as bodily monitors.4  Being 
highly sensitive to even the most minute deformation, their effectiveness at measuring a range of vital 
sign signals is unmatched by current commercial sensors. As these nanocomposites are based on cheap 
starting materials and with their cost/time efficient mode of liquid-based production, they are heralded 
as one of the great hopes for the commercial application of nanotechnologies.5  
The electromechanical response of all mixed-phase nanocomposite strain sensors, generally taking the 
form of fractional resistance change (R/R0) as a function of strain (), can be broken down into two 
distinct regions.4 Beginning at low strain, an elastic linear regime is found where R/R0 is related to  
through the electromechanical sensitivity metric, the gauge factor (G), by6 
∆R
R0
 = Gε 
(2) 
To note, low strain is not a performance criterion or system limitation but an important distinction that 
has to be made when describing how one goes about understanding performance and thus the 
extrapolation of intrinsic performance metrics.4 For a particular nanocomposite system with a specific 
volume fraction of nanofiller, G will be constant. In this linear region, resistance change exhibited by 
the bulk nanocomposite is due to tunnelling resistance between nanofillers changing as a result of 
decreasing cross-sectional area overlap of nanofillers with applied strain.4 Through Simmons,7 an 
approach to approximately derive the tunnelling resistance between nanofillers in a composite system 













Where Rt, h, d, A, em, m and  are the tunnelling resistance, Plank’s constant, tunnelling distance, cross-
sectional area, electron charge, electron mass and potential barrier height respectively. From this 
expression an inverse proportionality between tunnelling resistance and areal overlap is seen. The linear 
relationship in eq 2 is satisfied as long as the strains experienced by the nanocomposite are below the 
yield strain of the material.4 Below the yield point, changes in the distribution of d from eq 3 due to 
viscoplastic flow of nanofillers are minimised, leading to a linear electromechanical response 
dominated by changes in nanofiller areal overlap.4, 8 The linear limit of a material’s response is set by 
the yield strain and can be described using the linear range metric, the working factor (W).4 Repeated 
cycles in this linear regime are reported to follow a regular and well-defined power law decay until a 
critical number of conditioning cycles, known as the endurance limit, is reached after which a steady 
state signal is observed.9  Beyond the yield point and W, nanocomposites will undergo plastic 
deformation and their response will be non-linear due to the tunnelling distance between nanofillers 
changing.4 From the right-hand side of eq 3, it can be seen that a non-linear, exponential increase in 
tunnelling resistance will occur with increasing tunnelling distance. It is this mechanism that will start 
to dominate electromechanical response. To truly unlock the commercial potential of these materials it 
is prudent that we as researchers understand what controls electromechanical performance and how best 
to maximise it. Many models exist that describe the response curve of nanocomposites but in most cases 
are empirical and unique to that particular material.10, 11 Furthermore, past emphasis on fitting the whole 
response curve12 including the plastic regime, for the most part, is redundant as it is outside of the 
functional working range of a nanocomposite. Strains beyond W cannot be practically applied in 
applications that require repeatable measurement, as signal is reported to be highly irregular.9 Thus, a 
simple, more universal mode of modelling, which focuses on describing the linear regime and 
incorporating nanocomposite network properties to describe electromechanical performance is 
required.  
Here we report a simple model that combines percolation and electromechanical theory to project the 
electromechanical response of mixed-phase nanocomposites. Through this model the physical 
geometric dimensions of a nanocomposite and its respective nanofiller can be incorporated into the 
projection of performance. Vitally, this model facilitates narrowing the research focus and increasing 
the commercialisable potential of sensor research by identifying how nanofiller aspect ratio and 
nanocomposite thickness maximises performance. To the author’s knowledge, no prior model takes into 
consideration the effects aspect ratio and nanocomposite geometrics have on electromechanical 
performance. The approach for our model here is one that relies on an introspective, analytical 
methodology which utilises trends and results reported in literary data. In the past, such an approach 
has been successful in identifying critical intrinsic material properties that greatly influence a 
nanocomposite’s strain sensing performance.4, 9 Furthermore, dissimilar to previous models, here the 
ramifications of nanocomposite functional application strain range is considered. 
 
Results and Discussion 
A more complete understanding of electromechanical response in mixed-phase nanocomposites can 
begin through a simple modification of eq 2. It is seen that a relationship between resistance change 
(R) and  = 0 can be formed through the zero-strain nanocomposite resistance (R0) using the following 





Where A0 and L0 are constants associated with the nanocomposites cross-sectional area and gauge 
length respectively at zero-strain. Eq 2 can be plugged in and the following expression is formed 








Alternatively, eq 5 can be rearranged as resistance change (R) as a function of   





Where G and  = 0 are constants for a nanocomposite of a given f. Eq 5 is surprisingly a very power 
and simple express that essentially reflects what is universally reported for nanocomposite strain 
sensors, conductivity is inversely proportionally to resistance change.4 Alternatively, in eq 6, for a large 
change in nanocomposite resistance to occur with applied strain, indicative of a large gauge factor, 
intrinsically conductivity will be low. This also implies that nanocomposite strain sensors will display 
their largest electromechanical response around o, i.e. when nanocomposite conductivity is near its 
lowest.13 To note, in terms of application, nanocomposites with low conductivity can be problematic 
for electrical engineering and signal processing due to increased signal noise at  = 0 <10-6 S/m.14 
Interesting, eq 6 suggests that there is a nanocomposite dimensionality dependence associated with R. 
Essentially, if the dimensions of a nanocomposite system change, the volume in which the nanofillers 
occupy in the polymer matrix will in turn change. Previously, ln( = 0) of a nanocomposite was reported 
to scale linearly with the volume fraction of nanofiller as -f─1/3.15, 16 Through analogy with the above, 
from eq 6, 1/R can be said to be proportional to -f─1/3. This is reflective of increases in f being widely 
reported to result in a decrease in the value of G.17 The cause of this decrease is due to the subsequent 
increase in nanofiller network connectivity leading to decreases in tunnelling distance and thus 
tunnelling resistance.4 Tunnelling distance is said to be proportional to loading through the following16 
d ∝ -φ
f
-1 3⁄  
(7) 
Through the author’s previous work,4 a simple expression which related G to W and a nanofiller 
alignment parameter (ne) was shown. Through this expression, the magnitude of a nanocomposite’s 






It was previously reported that an increased value of ne corresponded to a nanofiller network that was 
increasingly more anisotropic and aligned in-plane with respect to current flow. Other past studies18 and 
mathematical models19 also corroborate a connection between large G values and nanofiller alignment. 
As W is governed purely by the mechanics of the nanocomposite system and is a material constant 
independent of f,4 changes in G must be dominated by ne.  As eq 8 doesn’t account for changes in G  
associated with f, it implies ne is dependent on tunnelling distance changes associated with alignment 
and thus f ( through eq 7) which in turn effect R and  = 0. These factors are particularly important to 
consider as o in nanocomposites systems will trend toward larger values when nanofiller networks 
shift from isotropic to anisotropic.20, 21  











Eq 9 can be rearranged to form a relationship which unifies electromechanical theory and sensitivity 
in the form of R with nanocomposite dimensionality and percolation theory 
∆R =  (
L0G
A0 [𝜎𝑓(𝜑𝑓 − 𝜑0)
𝑡
]
) ε  
(10) 
This expression should describe the linear elastic response of a nanocomposite beginning at low strain 
and ending at  = W. Eq 10 was applied effectively to a range of nanocomposite systems from literature 
using both 2-dimensional (2D) and 1-dimensional (1D) nanofillers, graphene and multiwalled carbon 
nanotubes (MWCNTs) respectively. In Figure 2, eq 10 is found to fit the linear regime of the literary 
data accurately (see Supporting Information Table S1 for fit parameters). To note, this model is limited 
to the understanding and projection of only percolative mixed-phased nanocomposites systems. After 
now quantifying the connection between mixed-phase nanocomposite electromechanical response and 
material characteristics associated with nanocomposite conductivity, dependence on nanofiller aspect 
ratio can be drafted into the expression. The o of a mixed-phase nanocomposite system containing well 
dispersed randomly orientated nanofillers that are roughly ellipsoid in shape can be approximated 
geometrically through the inverse of nanofiller aspect ratio.22 For prolate ellipsoids (i.e. 1D rod-like 






Where D is the diameter of the rod-like ellipsoid and L the length (see top left inset in Figure 3). For 






Where D is the thickness of the disk-like ellipsoid and L the lateral length (see top left inset in Figure 
3). Despite the assumptions, these expressions quite accurately predict the o of mixed-phase 
nanocomposites quite accurately (see Supporting Information Table S2 for examples). From eqs 11 and 
12, it is expected that o will decrease with aspect ratio.23 From substituting eq 11 and 12 into eq 10 for 
o, now designated as o, type where type denotes rod or disk dimensions, an expression that includes R 
dependence on nanofiller type and aspect ratio can now be formed. 
∆R =  (
L0G





We can see from eq 12 that resistance change scales with G and filler network parameters. This 
expression is only valid when   W, i.e. within the initial linear elastic regime. Thus eq 12 can be 
simplified by replacing  with W  
∆R =  
WL0G





From this expression R is predicted to linearly increase with G and for both to intuitively vary with 
f. Thus, a good representation of the measure of electromechanical response at low f around 











The power of this expression lies in its predictive nature and its ability to be used to project 
electromechanical performance. Using an archetypical ideal nanocomposite system of dimensions L0 = 
0.01 m and a cross-sectional area of 10-6 m2 (width of 0.01 m and thickness of 100m), through eq 14, 
the electromechanical performance of 2D and 1D nanofillers and their isotropic and anisotropic systems 
can be compared. A nominal value of W = 0.1 was used for the modelling. For an isotropic system with 
bulk dimensions of ≥100m,8, 24, 25 the percolation exponent is a universal constant of t ~ 2, indicative 
of 3-dimensional charge transport through the nanocomposite.26 The claim of universality though does 
come with some contention as values of t have been reported to decrease with aspect ratio of 
nanofiller.27, 28 Conversely, there are also uncertainties associated with these reports as values of t ~ 2 
have also been observed in nanocomposites with large3 and small29 aspect ratio fillers. Thus, for 
simplicity, the model here will assume t to be constant with aspect ratio. However, for anisotropic 
systems, the values of t are reported to increase roughly two-fold20, 29, 30 and can thus be used to predict 
the electromechanical behaviour of aligned nanofiller systems. Graphene and CNTs, reported to be the 
most commonly applied nanofillers in literature for nanocomposite strain sensors,4 are used here as the 
typical 2D and 1D fillers. For these two nanomaterials, liquid phase exfoliated networks are reported to 
have f values of ~104 S/m and ~105 S/m for graphene31 and CNTs32 respectively. With respect to filler 
alignment 33, 34 and aspect ratio,35-39 f is reported not to vary significantly. o for isotropic systems are 
calculated using a range of aspect ratios and eqs 11 and 12. For anisotropic systems, previous studies 
found that o increased on average two-fold in 2D and 1D nanofiller systems,40-44  allowing the 
anisotropic o to be projected.  As previously stated, nanocomposites are most sensitive when loading 
levels are near o, thus for all modelling f was a constant value of 1.05o (i.e. 5% above o). For a list 
of fit parameter constants, see Supporting Information Table S3. 
Using the above fit parameters, in Figure 3, calculated values of dR/dG for bulk isotropic and 
anisotropic nanocomposite systems using both 2D and 1D nanofillers where plotted as a function of 
aspect ratio (L/D). Firstly, it is noted that electromechanical response increases greatly with aspect ratio 
and is reflective of previous reports which showed similar increases when varying the aspect ratio of 
2D45 and 1D46-48 nanofillers in a range of nanocomposite systems. This finding implies that a decreased 
number of connections in a nanofiller network brought about by larger aspect ratios and thus a high 
degree of exfoliation equality are two of the dominate properties which can govern nanocomposite 
electromechanical response. In both orientation cases, 2D nanofillers are noted to perform better than 
their 1D counterpart. Previously, it was reported that experimentally graphene-based nanocomposite 
strain sensors on average displayed values of G larger than CNT-based ones.4 A model by Yao et al. 
also predicts that graphene based mixed-phase nanocomposites will have larger G values than CNT 
systems.49 For the isotropic systems, the 2D nanofiller has an electromechanical response that is five-
times larger than the 1D nanofiller. This discrepancy is even bigger in the anisotropic systems, with the 
2D nanofiller reported here to have a response nearly two orders of magnitude larger than the 1D 
nanofiller. As previously predicted from eq 8, in comparison with isotropic systems, the anisotropic 
ones are confirmed to have a larger electromechanical response. For nanofillers with L/D ~ 1000, the 
2D anisotropic system had a response eight orders of magnitude larger than the isotropic one. 
Liquid phase exfoliation is widely used to prepare many types of nanofiller.50  Solution processing of 
nanocomposites is the dominate mode of production and it is to no surprise that research recently has 
been treading towards applying nanocomposite inks (i.e. nanofiller and polymer solution mixed) for a 
wide range of printing methods.50 The advantage of these methods is that nanocomposites of small 
feature size and thickness can be produced. Looking at the electromechanical response dependence on 
nanocomposite thickness using eq 14, we can assume a system similar to before with the exception of 
a decreased thickness of 5m. For the thin layer systems, f will remain the same for both nanofiller 
types as above 50nm, networks of graphene and CNTs are reported to have bulk-like conductivity.51 As 
these system are so thin however, we can assume that the percolation exponent will be nearer to a 
universal value of ~1.3,52-54 indicative of 2D charge transport through the nanocomposite.26  In Figure 
4A, thin isotropic nanocomposite layers are compared to the previous thicker, bulk isotropic systems. 
From plotting the bulk and layered nanocomposites against one another, at L/D ≥ 1000, bulk systems 
display performances that are on average two orders of magnitude larger. For L/D < 1000, performances 
converge. However, response is still an order of magnitude larger for the bulk systems even at L/D ~ 
100. For the thin layer systems, 2D nanofillers are again found to perform the best, with their 
electromechanical response a factor of three better than the 1D nanofillers. 
Similar to before, comparing isotropic and anisotropic layer nanocomposites in Figure 4B sees the 
anisotropic systems displaying a larger electromechanical response. 2D nanofillers again are found to 
show the better performance. At a nominal L/D ~ 1000, the anisotropic 2D system has a response five 
orders of magnitude larger than the isotropic one. This value difference however, is slightly lower than 
what was see when coming the bulk isotropic and anisotropic systems. From plotting the anisotropic 
bulk and layered systems against each other in Figure 5, at L/D ~ 1000 the bulk 2D system has an 
electromechanical response two orders of magnitude larger than its thin layer counterpart. This in fact 
runs many parallels with previous reports on printed nanocomposites54-56 and pristine nanomaterials57 
where G was found to increase with layer number and overall deposition thickness. At L/D < 1000, 
electromechanical response is seen to converge until a cross-over point of L/D ~ 50 where the bulk and 
layer values for the respective materials have similar values. 
Conclusions 
We can conclude that the findings of this work suggest that bulk anisotropic nanocomposites based on 
2D nanofillers have superior electromechanical response. However, it is the processability of these and 
other types of nanocomposites that will dictate the feasibility of such a conclusion. Currently, due to a 
lack of experimental data, it is unclear if anisotropic bulk or thin layered nanocomposites are easier to 
produce and if other nanocomposite properties, mainly mechanical, will support application. For 
scalable inkjet and spray coating methods, applying nanosheets with large aspect ratios would be an 
issue as lateral size is restricted to being 1/50th the size of the nozzle diameter.58 In many cases, this 
results in nanosheets needing to be <400 nm in lateral size to prevent clogging of the nozzle59, 60 and 
resulting in L/D < 400, which would result in lowered electromechanical response. This also does not 
take into account viscosity changes in the ink as a result of the presence of the polymer which will effect 
printability. It is also unknown how a subsequent dilution step, a common method of counteracting 
viscosity changes, will effect processing time and heterostructure. Conclusively, larger aspect ratio 
fillers display the best electromechanical performance however, when taking nanocomposite mechanics 
into account, modulus is known to steeply increase with aspect ratio.61 As noted in the author’s prior 
work, to function as a skin-on bodily sensors, nanocomposites must have moduli approaching that of 
human skin and ligaments.4 This is a catch-22 research now faces but is an uncertainly that can be 
answered with further investigation.  
Supporting Information 
Supporting Information includes Tables S1, S2 and S3. This Supporting Information is available online 
free of charge. 
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Figure 1. Schematic illustration of a common method of mixed-phase nanocomposite production  
 
 
Figure 3. Modelling electrometrical response of bulk isotropic and anisotropic nanocomposites from eq 
14. As predicted by eq 8, anisotropic nanocomposites with nanofillers aligned in-plane with current flow 
displayed a larger response in comparison to the isotropic counterpart. At an aspect ratio of 1000, the 2D 
anisotropic system had a response eight orders of magnitude larger than the isotropic one. In general, 
nanocomposites based on 2D nanofillers are found to have better performance than 1D nanofillers in a 
comparable system. Inset top left, 1D and 2D nanofillers modelled as ellipsoids with aspect ratios defined 
by length L and diameter D.  
Figure 2. Literary data fitted using eq 10. The expression is found to fit the data sets accurately in the 














Figure 5. Comparing the anisotropic bulk and thin layer systems sees both systems performing similarly 
at low aspect ratios (<100).  However, at larger aspect ratios, more indicative of experimental values, the 
bulk systems were found to outperform the thinner layer systems.  
Figure 4. (A) From eq 14, a comparison between the bulk isotropic system (L0,Bulk = 100 m) and an 
equivalent thinner layer system (L0,layer = 5m) is shown. At a nominal aspect ratio of 1000, the bulk 
isotropic system presents a better electromechanical response. However, when approaching aspect 
ratios <100 the performances begin to converge towards similar values. As noted previously, 2D 
nanofillers display a larger overall response than 1D materials. (B) The effect of anisotropy on the layer 
system again sees a dramatic increase in electromechanical response with respect to the isotropic 
systems. At an aspect ratio of 1000, the anisotropic 2D system was found to have a response about five 
orders of magnitude larger that the isotropic one. 
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